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The field of the adult stem/progenitor cells, referred to as MSCs, 
has progressed so rapidly and covered so many disciplines of basic 
research and medical therapeutics that it is impossible to present 
a brief review, but rather only a comprehensive one. More detailed 
reviews have recently been published.1–8 I apologize to those whose 
important work has not been included or adequately discussed.

One Controversy: What To Call The Cells?
Since the first reports on MSCs, a series of different names has 
been assigned to the cells (Table 1). Friedenstein, who is generally 
credited with the discovery of MSCs, isolated the cells by their 
tight adherence to tissue culture surfaces and demonstrated their 
multipotential for differentiation both in culture and in vivo.9,10 
Friedenstein et al. were impressed with the spindle-like shapes of 
the cells in culture and the ease with which they generated single 
cell–derived colonies. They, therefore, referred to them as “colony 
forming units-fibroblastic” (CFUs-F). Hematologists who dis-
covered the usefulness of confluent cultures of MSCs as feeder 
layers for hematopoietic stem cells named them “marrow stromal 
cells.”11 Caplan focused on their known potential for multilineage 
differentiation and named them “mesenchymal stem cells.”12,13 A 
committee of the International Society for Cytotherapy tried to 
resolve the confusion by suggesting the name “multipotent mes-
enchymal stromal cells.”14 Some authors have referred to them as 
simply MSCs (Table 1). Unfortunately, many publications use one 
name for the cells to the exclusion of others. Therefore, searches 
of the literature frequently miss many publications, and thereby 
valuable information is lost. The difficulty in tracking the litera-
ture on MSCs is further confounded by the recent evidence that 
MSCs are either identical to or derived from pericytes.15–17

A Related Controversy: Are Mscs Stem Cells?
There is continuing disagreement as to whether MSCs can be 
called stem cells or perhaps adult stem cells. Unfortunately, the 
term stem cell has been embedded in the literature with varying 

degrees of rigor. A newly fertilized egg is the cleanest example of 
a stem cell that meets the classical criteria: it can divide asym-
metrically, and differentiate into all cellular phenotypes. But, as 
has been repeatedly pointed out, we quickly move down a slip-
pery slope in using the term for similar cells. Embryonic stem 
cells require a slight loosening of the definition, as they rarely dif-
ferentiate into the trophoblasts of the placenta.18 Hematopoietic 
stem cells, epithelial stem cells, and neural stem cells further 
stretch the definition, because, with a few dissenting opinions, 
they are generally believed to differentiate only into restricted 
lineages. MSCs obviously require a similar loosening of the defi-
nition of stem cells, as the term is applied to the large family of 
nonhematopoietic stem-like cells that have been isolated from 
most mesenchymal tissues such as bone marrow, fat, and blood 
vessels. The debate on whether MSCs can be called stem cells in 
part revolves around the question of whether they can be differ-
entiated into nonmesenchymal cells. Some of the earlier observa-
tions on differentiation of the cells were probably flawed because 
of technical limitations such as unreliable labels for the cells and 
inadequate experience with potential artifacts.19 But, numerous 
investigators are continuing to report that MSCs or related cells 
from bone marrow and other tissues can be differentiated into 
epithelial, endothelial, and neural cells.5,20–23 At the same time, the 
definition of a stem cell is further confused with the recognition 
that the properties of a stem cell depend as much on the niche 
in which it resides as on the inherent “stemness” of the cell. As 
concluded in a recent review on hematopoietic stem cells,24 the 
concept that stem cells differentiate in a hierarchical manner dic-
tated by the inherent properties of the cell is a “seductive … over-
simplification….” It ignores the dynamic interaction between 
cellular niches that determine the fates of stem cells. In effect, the 
emphasis on hierarchical differentiation of hematopoietic stem 
cells overlooked the critical role of niches that was clearly dem-
onstrated by earlier studies in simpler systems, such as oogenesis 
and spermatogenesis in Drosophila.25
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Of course, the definition of a stem cell is blurred still further 
by nuclear transfer experiments and the more recent experiments 
with induced pluripotent stem cells in which even a transient 
exposure to the appropriate transcription factors is sufficient to 
reprogram the genome to a stem-like state.26 The results suggest 
that differences between a stem cell and a fully differentiated 
cell are primarily a question of the ease with which external or 
internal signals can change the microenvironment of the nucleus 
sufficiently to redirect the phenotype of the cell.

How can we resolve the current confusion concerning the 
definition of a stem cell? Unfortunately, we cannot yet fully define 
the state of any cell in terms of all its transcripts, its epigenetic 
status, and especially its proteomics (see recent review in ref. 27). 
Also, a static picture in time of a cell is probably not sufficient. 
The essence of a stem cell is not its status at a given point in time. 
It is the potential for change in an almost Aristotelian sense. 
Unfortunately, again, we do not have the means of defining the 
potential of a cell in a quantitative manner. The only practical 
solution to the current confusion is apparently in trying to convey 
the context of each type of cell with qualifiers such as hematopoi-
etic stem cells or adult stem/progenitor cells.

A Myth: All Cultures Of Mscs Are The Same
Confluent cultures of MSCs have the uniform appearance of fibro-
blast-like cells. They retain the uniform appearance if passed many 
times as high density cultures. Therefore, it has frequently been 
assumed that all cultures of MSCs are the same and that they are 
homogeneous. The assumption overlooks the dynamic nature of 
MSC cultures that was clearly documented by early investigators in 
the field. For example, Mets and Verdonk28 examined early passage, 
low density cultures. They demonstrated that the cells that initially 
adhere to tissue culture surfaces are spindle-shaped and very rap-
idly proliferating. Mets and Verdonk referred to the cells as type 
1 cells; we more recently referred to them as rapidly self-renewing 
MSCs (RS-MSCs).29 Mets and Verdonk noted that the type 1 cells 
give rise to larger, slowly replicating type 2 cells or slowly replicat-
ing MSCs (SR-MSCs). They were impressed by the dramatic transi-
tion of the cells and suggested that cultures of MSCs were a model 
for aging in vitro. Numerous subsequent publications documented 
the dramatic differences between type 1 or RS-MSCs and the type 2 
or SR-MSCs, including the patterns of expressed genes, expression 
of surface epitopes, clonogenicity, potential to differentiate, and 
tendency to generate lethal pulmonary emboli after intravenous 
infusion.30,31 Remarkably, and as also recognized by early investiga-
tors (for review, see ref. 32), MSCs from early passage cultures can 
be reprogrammed to generate type 1 or RS-MSCs, if they are lifted 
before confluence and replated at low density. The assumption that 
all MSCs are the same also ignores the old observation that human 

MSCs (hMSCs) senesce after ≥25 population doublings in culture, 
particularly if expanded as high density cultures.33,34 As the cells 
senesce, they propagate slowly, decrease their clonogenicity, and 
lose most of their potential to differentiate. In effect, they lose the 
plasticity characteristic of the early passage, low density MSCs. 
Therefore, it is apparent that MSCs isolated and expanded under 
different conditions in culture differ dramatically in their proper-
ties and probably in their therapeutic potentials.

In addition, the frequent assumption that MSCs from differ-
ent tissues such as fat are the same as MSCs from bone marrow 
probably ignores important differences in biology and therapeu-
tic potentials of the cells that our technology is still too crude to 
define (see review in ref. 1). As one example of the differences, 
MSCs from biopsies of synovial tissue were found to be more 
effective in repair of cartilage defects of the knee of rabbits than 
MSCs from bone marrow, muscle, or fat tissue.35

At the same time, there is considerable confusion as to the 
inherent differences between MSCs and similar plastic adherent 
cells that are isolated from marrow with different protocols and 
assigned different names. The list of such cells includes marrow-
isolated adult multilineage inducible (MIAMI) cells that were iso-
lated from marrow of vertebral bodies under low oxygen and that 
appear to be particularly efficient at differentiation into neural 
cells.36 It includes very small embryonic-like (VSEL) stem cells that 
were isolated from murine bone marrow by selection of cells posi-
tive for the chemokine receptor CXCR4 and that express markers 
of embryonic cells.6 They also include multipotent adult progeni-
tor cells (MAPCs) that were isolated from bone marrow under 
low oxygen and low serum and that differentiate into multiple 
lineages.37 In addition, they include hMSCs that were subjected 
to serum deprivation and that demonstrated enhanced expression 
of Oct-4 and other genes characteristic of embryonic cells.38 Each 
of these apparently distinct cells may be earlier progenitors in the 
hierarchy of MSCs. Alternatively, the cells such as MAPCs that 
do not appear until the cultures are extensively expanded may be 
products of culture-induced changes in MSC-like cells.

How can we resolve the confusion generated by the use of dif-
ferent preparations of MSCs and MSC-like cells? More detailed 
comparisons of the cells in the same laboratories will be of some 
help. The most critical question is probably which cell prepara-
tions will be the most effective for therapy of specific diseases. 
This question probably cannot be answered until reproducible 
in vivo models are developed that can become assays for the cells 
that are as effective as the marrow-ablated mouse is for assays of 
hematopoietic stem cells. (Note: To facilitate comparison among 
different cell preparations, we have established an NIH/NCRR 
funded center for distribution of MSCs prepared with standard-
ized protocols that enrich cultures for early progenitor cells. The 
center has distributed the cells to over 250 laboratories in this 
country and abroad. Contact: msc@medicine.tamhsc.edu)

A Paradigm For The Expansion Of Mscs  
In Culture: They Create Their Own  
In Vitro Niches
The dramatic changes of MSCs during expansion in culture can be 
explained by the ability of the cells to generate their own microen-
vironments or in vitro niches as they are plated at low density to 

Table 1  Citations in PubMed as of 5 December 2008

Search name Citations

CFU-F (colony-forming unit fibroblastic) 372

Marrow stromal cells 7,798

Mesenchymal stem cells 7,443

Mesenchymal stromal cells 2,428

MSCs 2,686
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generate single cell–derived colonies. In the colonies, subpopula-
tions of the cells serve as nurse cells for other subpopulations. After 
early passage MSCs are plated at low density, they pass through a 
lag phase followed by a rapid exponential growth phase in which 
they double in <12 hours.39 The exponential growth phase of 
MSCs in culture is too rapid to be sustainable for any length of 
time in vivo. It is also more rapid than the proliferation of fibro-
blasts and most other cells cultured in serum. Consequently, it 
must reflect the release of the cells from the microenvironments 
or niches that limit their proliferation in vivo. The rapid growth 
phase is driven by some cells in the clonal colonies secreting 
Dkk-1, an inhibitor of the canonical Wnt signaling pathway, and 
thereby creating an in vitro niche at this stage.40 During the rapid 
growth phase, the cells are spindle-shaped type 1 or RS-MSCs. 
The cells express surface proteins that are anti-cell adhesion and 
linked to cell motility (Figure 1), proteins such as α6-integrin and 

podocalyxin-like protein (PODXL) that is a member of the CD34 
family of sialomucins.31 Therefore, the colonies are loose41 and 
the cells are highly motile.42 As the colonies expand, secretion of 
Dkk-1 decreases and expression of PODXL and the related pro-
teins are lost. The colonies then enter a near stationary or plateau 
phase, as the colonies become more tightly packed and develop 
distinct inner and outer regions.41 The inner regions form a distinct 
in vitro niche from the outer regions (Figure 2) in that the cells in 
the inner regions proliferate slowly and they begin to express pro-
teins associated with differentiation.39,41 If the colonies are trans-
ferred to adipogenic medium, cells in the other regions that begin 
to differentiate move toward the inner regions.39 The commitment 
of the inner regions to differentiation is readily reversible at this 
stage in that replating either the inner or outer regions generates 
single cell–derived colonies with the same characteristics as the 
initial colonies.41 At each replating of a colony at clonal density, 
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Figure 1 S urface epitopes reversibly present in low density cultures enriched for rapidly self-renewing MSCs (RS-MSCs), but not as the cells 
were expanded toward confluency. Human MSCs (hMSCs) passage 1 that were plated at 100 cells/cm2 and incubated for 5 days or 9 days to gener-
ate passage 2 MSCs. To prepare passage 3 MSCs, 9-day cultures were lifted with trypsin/EDTA and replated at 100 cells/cm2 for incubation for 5 or 9 
days. (a) RT-PCR assays. (b) Western blot assays. (c) Assays by immunocytochemistry. Bar = 200 μm. (d) Double-immunostaining for podocalyxin-like 
protein (PODXL) (red) and the five other surface proteins (green). Nuclei were labeled with DAPI (blue). Upper panels: bar = 200 μm. Lower panels: 
bar = 50 μm. Arrows: regions of the cells in which PODXL and other proteins are colocalized. With permission from ref. 31.
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the daughter colonies are heterogeneous both in size and their 
potential to differentiate.34,43 Therefore, the clones and the in vitro 
niches are created in a stochastic manner, and they are easily dis-
persed and recreated (Figure 3). The reversibility of the cultures, 
however, markedly decreases if the colonies are allowed to expand 
to confluency in that there is a dramatic decrease in clonogenic-
ity (from 90% CFUs-F to <20%), a decrease in the potential for 
multilineage differentiation, and increased expression of epitopes 

such as STRO-1 and GD-2 (ref. 31). However, even in confluent 
cultures that are passed several times, a fraction of the cells remain 
clonogenic, suggesting that there is persistence of one or more 
in vitro niches containing different subpopulations.

A Distracting Controversy: “Adult Stem 
Cells Can Only Fuse”
A heated and probably unnecessary controversy was gener-
ated several years ago by a dramatic publication suggesting that 
hematopoietic stem cells and neural stem cells could differenti-
ate into multiple cell lineages.44 Some of the most dramatic results 
were subsequently shown to arise from cell fusion under the 
strong selective pressure that was a key component of the experi-
ments.45 Unfortunately, the results prompted several prominent 
scientists to conclude that cell fusion accounted for all previous 
observations on differentiation by stem/progenitor cells from bone 
marrow and other tissues of adults. The contention was unfortu-
nate because it was advanced without examination of extensive 
data on the differentiation of MSCs under conditions in which 
fusion with differentiated cells was not possible. Multiple investi-
gators repeated Friedenstein’s experiments of the 1970s and dem-
onstrated that the cells could be readily differentiated in culture 
and in vivo into osteoblasts, adipocytes, and chondrocytes with-
out any contact with differentiated cells of the lineage, see ref. 32. 
Also, it was easy to demonstrate by light microscopy that the cells 
formed single cell–derived colonies and most of them were capa-
ble of trilineage differentiation.34,43,46 Perhaps we and the many 
others working with MSCs should have confronted the issue more 
directly,47 but graduate and postdoctrate students studying MSCs 
were not easily persuaded that they could publish data demon-
strating the obvious multipotentiality of clonal colonies of MSCs. 
To a lesser extent, we were concerned that the results might fan 
the political debate, which at that time was threatening the cutoff 
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of all research on human embryonic stem cells in the United States 
and several other countries.

Another Myth: Mscs Can Be Expanded  
Indefinitely in Culture
Stem/progenitor cells that remained stable as they were expanded 
indefinitely in culture would be extremely valuable as reagents 
for experimental manipulations and for therapy. Unfortunately, 
as has long been recognized, DNA replication is not an error-
free process.48–50 Therefore, every division of a cell has a small but 
not infinitesimal chance of producing mutations, some of which 
can be carcinogenic. Unfortunately, current methods for detect-
ing malignant mutations are highly insensitive. Karyotyping can 
detect only large chromosomal alterations and provides data on 
only a small fraction of the cells in a preparation. Tests for tum-
origenicity in immunodeficient mice are also insensitive, as many 
human cancers do not produce tumors in mice without extensive 
manipulations.51–53 Microchip assays for mutations are becoming 
more sensitive, but they are still limited to spatial regions of several 
kilobases (http://www.dnavision.be/pharmacogenetics/agilent). In 
addition, as the assays of genome for mutations become more sen-
sitive, a very large database will have to be developed to distinguish 
neutral polymorphisms from tumorigenic mutations.

Therefore, it is apparent that expansion of cells in culture can 
produce genomic alterations that affect the experimental proper-
ties of the cells. In addition, they pose a danger to patients that 
must be balanced by the potential benefits.54 Perhaps the most 
reliable test is still the demonstration that the cells are not immor-
tal in culture. Fortunately, hMSCs are readily observed to senesce 
in culture. Also, they have not been found to develop significant 
genomic instability or become tumorigenic unless extensively 
expanded over many weeks under stressful culture conditions.55,56 
The risks of expansion in culture can probably be avoided by 
isolating MSCs from adipose tissue, because the initial yields 
are so large that expansion in culture is not necessary for most 
applications.57,58 However, it is not yet clear whether MSCs from 
adipose tissue share all the properties and therapeutic benefits of 
the MSCs from bone marrow.

A Major Experimental Barrier: Mouse  
Mscs Readily Undergo Multistage  
Carcinogenesis In Culture
MSCs can be isolated from mouse bone marrow by plating the 
marrow to recover adherent cells. However, mouse MSCs differ 
from MSCs from most other species in that the initial cultures 
are heavily contaminated by hematopoietic cells.59 Also, the cells 
rapidly synthesize large amounts of extracellular matrix, which 
makes them very difficult to lift for passage even with extensive 
treatment with proteases and chelators. In addition, MSCs from 
different inbred strains have different media requirements for 
optimal expansion and have different potentials for differentia-
tion.60 But the most troubling feature of cultures of mouse MSCs is 
that they grow slowly for many weeks, after which they suddenly 
proliferate rapidly and become tumorigenic as their genomes 
become unstable.61,62 In effect, they recapitulate the properties of 
mouse fibroblasts that first expand slowly in culture, pass through 
“crisis” phase in which most cells die, and then the remaining 

cells develop genomic instability that allows them to proliferate 
and become tumorigenic—a process that has been referred to as 
“multistage carcinogenesis in cell culture.”63 Unfortunately, the 
problems are not resolved by cloning the expanded murine MSCs. 
The genomes are highly unstable and continue to undergo further 
changes. As a consequence, it is very difficult to harness the power 
of mouse genomics in studying MSCs. MSCs from rats may show 
the same tendencies to transform in culture, but they have not 
been extensively examined.64

New Paradigm: Repair Of Tissues  
With Limited Engraftment
The ability of MSCs to expand in culture and differentiate into 
multiple cellular phenotypes suggested that they were potentially 
useful as therapeutic agents for the repair of tissues by engraft-
ing and differentiating to replace necrotic or apoptotic cells.12,32 
The suggestion was supported by observations in experimental 
animals in which the cells homed to injured tissues and appeared 
to differentiate to replace injured cells. Engraftment and differen-
tiation of the cells was particularly apparent in rapidly growing 
neonates, embryos, fetuses, or adult animals with severely injured 
tissues.65–70 Many of the early experiments were handicapped by 
the lack of appropriate labels and assays to follow MSCs after 
in  vivo administration, particularly as the cells proliferated and 
differentiated.19 But many of the observations have now been con-
firmed and extended with more refined techniques in continuing 
reports that MSCs improve the repair of tissues by differentiation 
and even transdifferentiation.69,70 However, it became apparent 
that in many situations the cells produce repair and functional 
improvement in injured tissues without significant engraftment 
or differentiation.71–73 Obviously, there was a need for a new par-
adigm: tissue repair by MSCs through paracrine secretions and 
cell-to-cell contacts.

In retrospect, the new paradigm of repair without engraft-
ment was foreshadowed by many earlier observations including 
the ability of confluent cultures of MSCs to serve as feeder layers 
for hematopoietic stem cells,11 and the observation that MSCs in 
culture secreted a large number of cytokines, chemokines, and 
other factors.74,75 It was also foreshadowed by the observations 
that MSCs suppressed the mixed lymphocyte reaction,76 reduced 
immune rejection of skin grafts,77 improved some patients with 
severe graft-versus-host disease,78 and had therapeutic effects 
in a EAE mouse model for multiple sclerosis.79 There is now an 
overwhelming evidence that although MSCs can contribute to 
tissue repair in some circumstances by differentiation and trans-
differentiation, functional improvements are observed in many 
animal models and a few patients by transient appearances of 
the cells. In effect, MSCs can repair tissues through “touch and 
go” effects.2

A Critical Feature Of The New Paradigm: 
Mscs Are Activated By Their  
Microenvironments
A critical feature of the new paradigm is that repair of tissues by 
MSCs is not solely dependent on the rich mixture soluble fac-
tors produced by MSCs in isolated cultures. Instead, the MSCs 
are activated by cross talk with the microenvironment generated 
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by injured tissues to express factors that seem to be specifically 
tailored to the immediate needs of the tissue.

The responsiveness of MSCs to microenvironments is amply 
illustrated by the rich literature on the effects of the cells on the 
immune system.2,8 MSCs were demonstrated to interact with a 
broad spectrum of cells, including several types of T cells, natural 
killer cells, dendritic cells, monocytes, and neutrophils. Most, but 
not all, of the experiments indicated that MSCs decreased prolifera-
tion of target cells either through cell-to-cell contacts, secretion of 
factors, or a combination of cell-to-cell contacts and secretion of 
factors such as prostaglandins, indoleamine 2,3-dioxygenase, solu-
ble HLA-G5, IL-6, IL-10, TGB-β1, HGF, BiNOS, and heme oxyge-
nase-1. The data were generated primarily by experiments in culture 
and the in vivo outcomes of the interactions are difficult to predict.2

One specific example of activation of MSCs in an immune 
setting was the report that MSCs were activated by interferon-γ 
together with one of three other cytokines to express nitrous oxide 
and several cytokines.80 The cytokines drove migration of T cells to 
the MSCs and the nitrous oxide then inhibited T cell proliferation. 
The effects were not observed with MSCs from transgenic mice 
that were null for iNOS and interferon-γ.

As another example, hMSCs injected into the hippocampus of 
mice following transient global ischemia upregulated expression of 
170 human genes that were either not expressed or expressed at 
lower levels by the same cells in culture.81 The upregulated genes 
were largely involved in anti-inflammatory or anti-immune genes.

As still another example, fibroblasts made apoptotic by ultra-
violet irradiation activated hMSCs to suppress apoptosis by secre-
tion of stanniocalcin-1, a calcium metabolizing hormone.82

The cross talk that activates MSCs to produce therapeutic 
agents in the microenvironment of injured tissues supports the 
suggestion currently pursued by several investigators that one of 
the most useful therapeutic strategies will be to inject the cells 
locally to enhance tissue repair.

Under some circumstances, the cross talk that activates MSCs 
is sometimes deleterious. Coincubation of hMSCs with multiple 
myeloma cells initiated a cross talk whereby the hMSCs increased 
expression of IL-6 and the IL-6 increased expression of Dkk-1 by 
the myeloma cells.73,83 As a result, the myeloma cells were stimu-
lated to proliferate. At the same time the hMSCs were fixed in cell 
cycle and inhibited from differentiating to osteoblasts. The net 
effect was a vicious cycle that could prevent the repair of the lytic 
bone lesions seen in patients. Similar kinds of cross talk probably 
accounts for the observations that MSCs home to and increase 
the growth of some but not all cancers.84–86 Also, the cross talk 
that modulates immune responses may be harmful under some 
circumstances.

A Remaining Puzzle: How Do Intravenously 
Infused Mscs Repair Distal Tissues?
Secreted factors and cell contact mediated effects of MSCs do not 
in any simple way explain one of the puzzling observations made 
by many investigators: intravenous infusions of MSCs improved 
repair of multiple organs such as bone,66,87 ischemic brain,88 heart,73 
and pancreas89 and modulated the immune system.2

The observations are puzzling because it was conclusively 
demonstrated that essentially all intravenously infused MSCs are 

trapped in the lung90,91 where they appear as emboli in afferent 
blood vessels.31 We recently infused hMSCs intravenously into 
mice and followed the fate of the human cells with quantitative 
PCR assays for the human-specific Alu sequences and human-
specific mRNA for GAPDH,31 (R.-H. Lee, A.A. Pulin, M.J. Seo, 
D.J. Kota, B.L. Larson, L. Semprun-Prieto et al., manuscript sub-
mitted). The results confirmed the previous observations: over 
95% of the infused cells were cleared from the blood within 5 min-
utes and most were trapped in the lungs. The hMSCs disappeared 
from the lungs with a half-life of about 24 hours, but <5% of the 
cells appeared in seven other tissues that were assayed (R.-H. Lee, 
A.A. Pulin, M.J. Seo, D.J. Kota, B.L. Larson, L. Semprun-Prieto 
et al., manuscript submitted).

How can intravenously infused MSCs repair distal organs or 
modulate the systemic immune system (Figure 4)? One possibility 
is that the cells trapped in the lung secrete soluble factors into the 
blood stream that enhance repair of the other tissues by suppress-
ing inflammatory and immune reactions or perhaps by stimulat-
ing propagation and differentiation of tissue-endogenous stem 
cells.92 However, the soluble factors would have to be secreted in a 
transient burst and, probably, at high concentrations. There are no 
ready candidates for such soluble factors because most cytokines, 
chemokines, and related molecules produce toxic effects if infused 
in high concentrations. An alternative possibility is that the effects 
are produced by the small number of MSCs that escape trapping 
in the lung and that home to the injured tissues. After MSCs 
were intravenously infused into mice with permanent ligations of 
the coronary arteries, there was an increase in MSCs recovered 
in heart (R.-H. Lee, A.A. Pulin, M.J. Seo, D.J. Kota, B.L. Larson, 
L.  Semprun-Prieto et al., manuscript submitted). However, the 
number was small and <0.2 % of the 1–2 million infused cells 
for a total of <2,000 MSCs per heart. Also, the cells disappeared 
from the heart in 24 hours. It seems unlikely that such transient 
engraftment of a small number of MSCs can explain the marked 
improvement in heart function and infarct size observed 3 weeks 
later.73 Also, the secretion of soluble factors from the lung or the 
low levels of engraftment in injured tissues do not offer a ready 

IV hMSCs in adult mice
(104 to 106)

>90% trapped in
lung as emboli

<5% in circulation

Injured organs

Secreted factors? Cell contacts?

Differentiation

↓ Inflammation
↓ Immune responses
↓ Apoptosis
↑ Endogenous stem/progenitor cells
...other effects?

Figure 4 S chematic summarizing the incompletely explained effects 
of MSCs on tissue repair after intravenous infusion into mice. As 
indicated, there are several unanswered questions as to how intrave-
nously infused MSCs can modulate systemic immune responses or repair 
distal tissues.
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explanation for how intravenously infused MSCs can modulate 
the systemic immune responses to skin grafts or the EAE model 
for multiple sclerosis.2 The lung contains lymphatics and immune 
reactions are prominent in pulmonary diseases such as asthma 
and chronic obstructive pulmonary disease.93 However, there 
is no obvious means by which MSCs trapped in the lung or the 
small number of cells that appear in lymph nodes2 can transmit 
their immune modulatory effects to other tissues, particularly the 
effects that require cell-to-cell contacts.

Summary
Research on MSCs was initially stimulated by the ease with which 
they were isolated by their adherence to tissue culture surfaces 
and their ability to differentiate. In spite of intensive research by 
hundreds of investigators, there are still major limitations in our 
protocols for isolating and characterizing the cells, particularly as 
the cells are expanded in culture. Also, we have a limited under-
standing of their normal biological functions and how they par-
ticipate in the repair of tissues. Therefore, we are largely at a loss 
to explain the beneficial effects that have been repeatedly observed 
after administration of the cells in animal models for disease and 
in some patients. In effect, we are forced to work in a reverse direc-
tion from most research, i.e., from the beneficial effects observed 
in vivo to the cellular and molecular mechanisms to explain them. 
The end of the story is difficult to predict. We still do not know the 
limits of the usefulness of MSCs in clinical medicine. It is possible 
that other types of cells such as endothelial cells, or alternatively 
activated macrophages, mast cells, or dendritic cells may produce 
the same or greater therapeutic benefits as MSCs. It is also pos-
sible that therapies with the proteins or cytokines produced by 
activated MSCs or related cells may be more practical than cell 
therapies. However, they may be singularly powerful therapeutic 
agents. We cannot exclude the possibility that MSCs may have a 
unique ability to monitor the microenvironment of injured tissues 
and respond appropriately.
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